This Letter reports the formation of periodic surface structures on Ni-Fe film irradiated by a single femtosecond laser pulse. A concave lens with a focus length of −150 mm is placed in front of an objective (100×, NA ¼ 0.9), which transforms the Gaussian laser field into a ring distribution by the Fresnel diffraction. Periodic ripples form on the ablation area after the irradiation of a single femtosecond laser pulse, which depends on the laser polarization and laser fluence. We propose that the ring structure of the laser field leads to a similar transient distribution of the permittivity on the sample surface, which further launches the surface plasmon polaritons. The interaction of the incident laser with surface plasmon polaritons dominates the formation of periodic surface structures.
Laser-induced periodic surface structures (LIPSSs) have been studied intensely in the last five decades [1] [2] [3] [4] [5] [6] [7] [8] . Initial reports on the formation of LIPSSs were usually irradiated by a continuous wave (CW) or long duration laser pulses [nanosecond (ns) laser]. The periods of these structures (are usually ripples) were approximately equal to the laser wavelength. These periodic ripples were attributed to the interference between the incident laser and the scattered light caused by surface defects [1] [2] [3] [4] . Low spatial frequent LIPSSs (LSFL) have been observed in semiconductors, dielectrics, and metals after the irradiation of femtosecond (fs) laser pulses . Laser polarization, fluence, and the number of laser pulses have been identified as the key parameters for the LSFL formation. Experimental results indicated that the dynamics of a fs laser-induced LSFL were rather different from the near-wavelength ripples induced by a CW and a ns laser. For a normal incident laser with a wavelength λ, the ripple periods changed in the range of 0.5λ-0.95λ [15] . They increased with the increase of the laser fluences and decreased with the increase of the laser pulse numbers [16] . The classical scattering model, which was used to explain the LIPSSs formation irradiated by long duration laser pulses, was too simple to explain the formation of a fs laserinduced LSFL. In order to explain the formation mechanism, several explanations have been proposed, such as the interference between the laser field and surface plasmon polaritons (SPPs), interference between laser and scattered light, self-organization, and coulomb explosion [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, it is still difficult to evaluate which mechanism contributes mainly to the LSFL formation under the irradiation of fs laser pulses. After each pulse radiation, ablation craters, surface debris, and LSFL on the surface will enhance the scattered light and surface plasmons, and further influence the formation of LSFL irradiated by the subsequent laser pulses [18, 19] . The myriad of changes of the LSFL phenomena are rather difficult to be fully explained by any one of these scenarios. The formation mechanism of fs laser-induced LSFL is still an open problem.
Single-pulse irradiation can provide fundamental information of fs laser-matter interaction, which is important for investigating the origin of an LSFL [18] [19] [20] . Murphy et al. fabricated Au micro-disks 110 nm thick on Si substrates, and studied the formation of periodic ripples near the Au-Si edges after irradiation of a single fs laser pulse. By changing the laser polarization orientation, they found that the LSFL formation was dominated by SPPs excitation or by Fresnel diffraction [18, 19] . Yang et al. studied the generation and erasure of periodic ripples on nanoparticlecovered silicon induced by a single fs pulse with a different laser fluence, and found that these phenomena were due to the competition between periodic surface structuring originated from the interference of the laser field and SPPs and surface smoothing associated with surface melting [20] . The above references focused on the mechanisms of the LSFL formation on semiconductors by using the surface micro/nanostructures as defects after the irradiation of a single pulse. In this Letter, we report the formation of periodic ripples on a smooth surface of Ni-Fe film after irradiation by a single fs laser pulse with diffraction rings. The experiments were performed in a microscope (Nikon, 80i) with an objective (100×, NA ¼ 0.9). A concave lens was put in front of the objective, which introduced several ring structures on the laser field by Fresnel diffraction. Recently, transient reflectivity and dielectric function of metal and semiconductors were studied experimentally and theoretically [28, 29] . The transient variation of optical properties was proposed to greatly influence the formation of LIPSSs [17] . In this Letter, "transient permittivity" is used to present the transient variation of optical properties of Ni. The surface electron density affected the interface permittivity between the surface and the environment [9] [10] [11] . When the electron density depends on laser fluence, the permittivity in turn depends on laser fluence. Due to the diffraction, at the area with maxima intensity of the diffraction rings, the transient variation of the permittivity is maxima, which works like surface defects and launches the SPPs. Reference [30] reported on the LSFL formation by single-pulse irradiation because the SPPs can be excited near a groove. Therefore, we propose that the ring laser field leads to a similar distribution of transient permittivity on the sample surface, which further evokes SPPs. The interaction of the incident laser field and SPPs dominates the formation of periodic surface structures.
Our experiments were conducted on a commercial Ti:sapphire regenerative amplifier laser system (Legend Elite, Coherent). It generated a laser at a center wavelength of 800 nm with a pulse duration of 50 fs. The laser system operated at a repetition rate of 100 Hz, and a single laser pulse was selected by an electronic shutter. The laser beam was entered in a microscope (Nikon, 80i), in which an objective (100×, NA ¼ 0.9) was used to focus the laser on the sample surface, as shown in Fig. 1 . In order to legibly image the surface structures, the sample was moved to an object plane. However, the object plane was very close to the focus plane. The laser spot with a diameter of 1.5 μm was too small to obtain enough periodic ripples. Therefore, a concave lens with a focus length of −150 mm was placed at 120 mm in front of the objective to expand the pump laser beam. The laser spot on the object plane was extended to 28 μm in diameter with several diffraction rings in the laser field, as shown in the inset of Fig. 1 [13] . The image of the laser field was obtained by measuring the emission from a ZnSe crystal surface. In the experiments, the focus length of the concave lens was very important.
If the focus length was too long, the diffraction effect was rather weak. However, if the focus length was too short, most of the laser energy was blocked out of the objective, and the sample could not be ablated by one laser pulse. The laser energy on the sample surface was directly measured by a laser energy sensor (PE9-C, OPHIR). The detector with a diameter of 10 mm was placed 3 mm below the objective, where the laser beam was expanded to a diameter of 5 mm. In this Letter, the laser fluence is calculated by taking the focus spot with a diameter of 28 μm, as shown in the inset in Fig. 1 .
The sample used in the experiment was a Ni-Fe alloy film deposited on a silica substrate by magnetron sputtering. The main composition of the Ni-Fe alloy was 80% Ni and 20% Fe. The deposition rate was 13 nm/min for 30 min, and the film was 400 nm thick. The magnetic properties of Ni 80 Fe 20 "Permalloy" thin films have been studied extensively for the ubiquitous use in integrated magnetic devices [31] . Structures on the Ni 80 Fe 20 film, such as stripes, are produced as a magnetoresistive sensor [32] . The sample was mounted on an XYZ translation stage with a resolution of 1 μm. After laser irradiation, the ablation areas were measured by an atomic force microscope (AFM, Nanonavi E-Sweep, NSK).
Figure 2(a) shows the AFM micrographs of an ablated spot after irradiation by a single, linearly polarized laser pulse at a fluence of 0.90 J∕cm 2 . There are several circular ring structures formed on the sample surface. The height trace along the arrow perpendicular to the laser polarization is shown as the dot curve in Fig. 2(b) . The overall ablation depth is about 10 nm, and the groove depth is about 5 nm. Owing to the concave lens, the laser field is no longer a Gaussian distribution but circular rings following the Huygens-Fresnel principle. The intensity distribution along the arrow in the inset in Fig. 1 is also shown as the solid blue curve in Fig. 2(b) , which is obtained by measuring the emission from a ZnSe crystal surface. It fits well with the dot curve of height trace, which indicates that these ablation rings are caused by light diffraction and are called light diffraction-induced ablation rings (LDIARs).
The height trace of the structures along the arrow parallel to the laser polarization in Fig. 2(a) is shown in Fig. 2(c) . Similar to the height trace in Fig. 2(b) , there are several LDIARs agreeing well with the ring distribution of the laser field. However, the LDIARs depths are much deeper, about 20 nm. Besides the LDIARs, there are two kinds of ripples that are perpendicular to the laser polarization formed on the ablation spot. One kind comes from the split of LDIARs. Four LDIARs close to the spot center are all split into two ripples. The widths of these ripples change in the range of 400-700 nm, which depend on the LDIAR's width. The fifth LDIAR is split into three ripples with a space of 600 nm. Two ripples are observed in the groove at the outer edge of the fifth LDIAR. The ripple depths are of 4-10 nm. The other kind of ripples is at the outer side of the fifth LDIAR. Three ripples with a space of 460 nm formed there, and the outward ripples become shallow. There is no confinement from the diffraction ring, and the ripple widths agree well with the results reported in Refs. [9] [10] [11] [12] .
The ultrafast dynamics of fs laser ablation in metals, such as electron excitation, electron-phonon coupling, electron heating and thermal conductivity, etc., have been studied intensely [33, 34] . The Fermi level cuts through the d band in Ni, resulting in a very high density of electron states at the Fermi level [34] . The laser excitation affects the evolution of the density of d states, and the chemical potential and optical properties evolve significantly, including the air-metal interface permittivity [29] . The electron excitation takes place in 1 fs, which makes the permittivity distribution change simultaneously with the irradiation of the fs laser pulse. The transient modulated permittivity lasts for hundreds of fs to picoseconds (ps) [35, 36] . At the area with maxima intensity of the diffraction rings, the transient variation of the permittivity is maxima, which works like surface defects and launches SPPs [37] [38] [39] [40] . The interference of the laser field and SPPs modulates the laser field, and further causes a modulated energy deposition. The two kinds of ripples both originate from the interaction of the laser field and the SPPs.
Many experimental and theoretical studies indicated that the SPP's excitation would evoke redistribution of the light field on a metal surface, which depended on the light wavelength, permittivity, and surface structures [37] [38] [39] [40] . The interaction between the SPPs and the laser field induces the localization of laser field on the peak and valley of the LDIARs, and further stimulates the LDIARs to split into fine ripples [8, 12] . Therefore, the ripple widths depend on the LDIAR's widths. The widths of the four inner LDIARs are 850, 1500, 1350, and 1400 nm, and the widths of ripples originated from their splitting are 430, 720, 630, and 700 nm, respectively.
The other kind of ripples is caused by the propagating SPPs at the outer side of the diffraction rings. There is no diffraction ring that confines the SPP's spreading [38] [39] [40] , and the ripple widths are nearly equal to the SPP's wavelength [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
In Fig. 2(a) , the ripples are not as clear as the LDIARs. For the ripples induced by a single fs laser pulse, the production of surface plasma, the excitation of the SPPs, the modulation of the laser field, and the periodic energy deposition, all of these processes have to be finished within the duration of the laser pulse irradiation. The ripples are usually very shallow [41] , and the AFM images are not clear. In order to study the role of the diffraction rings of the laser field in the SPP's excitation and ripples formation, we conducted experiments to study the formation of periodic ripples irradiated by a single Gaussian laser pulse. Because there are no diffraction rings, the SPPs cannot be excited by a single laser pulse. Therefore, no matter how intense the laser power is, no periodic ripples are formed on the sample surface. These results indicate that the formation of periodic ripples is closely related to the diffraction rings in the laser field.
In order to further confirm that the ripples originated from the SPP's excitation, we rotated the laser polarization and found that the ripples rotated synchronously. The ripples are nearly perpendicular to the polarization of incident laser, as shown in Fig. 3 , which agrees well with the mechanism that the ripples are caused by the interaction of the laser field and the SPPs.
Because of the diffraction effects of the concave lens, there are several diffraction rings in the laser field at the object plane, as shown in Fig. 1 . In this case, the wavefront or the polarization will change correspondingly [38] . We simulate the propagating field using the finite element method (COMSOL) adopting adaptive mesh [42] . The results indicate that there are several diffraction maxima at the focus plane, where the laser polarization direction rotates in a small range of −10°-þ 10°. Therefore, the ripples are nearly perpendicular to the polarization of the incident laser.
In order to legibly image the surface structures, the sample was moved to the object plane, which was close to the focus plane. In this case, the laser focus will split into two lobes perpendicular to the laser polarization [38] [39] [40] . In our experiments, the sample surface can be observed clearly in a range of −10-þ 10 μm, hence, in some cases there is one circle, and in others there are two circles next to each other in the center of the ablation spot, as shown in the AFM images in Figs. 2(a) and 3 .
Figures 4(a) and 4(b) show the AFM micrographs of the ablated spots after irradiation by a single laser pulse at fluences of 1.67 and 0.76 J∕cm 2 , respectively. The height traces along the arrows are shown in Fig. 4(c) . For the laser fluence of 1.67 J∕cm 2 , the film is greatly ablated with many particles to adhere on. Energy dispersive spectroscopy measured by a scanning electron microscope revealed that the nanoparticles were oxide [43] . These particles greatly disturb the measurement of the ablation spot. Compared with Fig. 2(c) , the ablation depth becomes deeper with an increasing laser fluence, but the morphologies of the two spots are similar. The LDIARs split, and the induced ripples are both observed. Hashida et al. studied the laser fluence dependence of periodic ripples formed on metal surfaces and found that the formation of periodic ripples depended not only on metal properties, but also on the electron density of surface plasma produced by fs laser pulses [9] [10] [11] . When increasing the laser fluence, the surface electron density and the SPP's wavelength become larger, resulting in wider periodic ripples. Figure 4(c) shows that the outside ripples are with a space of 530 nm for the fluence of 1.67 J∕cm 2 , which is bigger than the ripples for the fluence of 0.90 J∕cm 2 . This phenomenon agrees well the mechanism that the ripples originate from the SPP's excitation.
By decreasing the laser fluence to 0.76 J∕cm 2 , as shown in Fig. 4(b) , the LDIARs' depths are very shallow, less than 10 nm. Even more, the outer three ripples are not observed. The SPPs originated from the diffraction maxima propagate mainly in two directions parallel to the laser polarization. These SPPs interact with each other and enhance the SPPs intensity. Therefore, the ripples between the diffraction rings are deeper than those in the outer side of the LDIARs [40] . Figure 5 shows the AFM micrograph of the ablation spot after irradiation by a single laser pulse at a fluence of 0.63 J∕cm 2 . Several LDIARs formed in the ablation spot, which fit well with the ring structures of the laser field. However, no ripples or LDIAR splits are found in any direction. The contrast ratio of the transient permittivity at the diffraction rings greatly affects the SPP's excitation. When the laser intensity is insufficient, the modulation of the transient permittivity is rather weak, or the formation process of the transient modulated permittivity lasts so long that the periodic deposition of the laser energy cannot take place in time within the laser pulse duration. Hence, there are no ripples produced, only the LDIARs formed on the sample surface. The result agrees well with the mechanism that the transient modulated permittivity launches the SPPs and further induces the formation of ripples.
In conclusion, periodic surface structures are observed on Ni-Fe film after the irradiation of a single fs laser pulse with diffraction rings. The ring laser field leads to a similar distribution of transient permittivity on the sample surface and evokes the excitation of SPPs. The interaction of the fs laser with the SPPs dominates the formation of periodic surface structures. This work was supported by the National Natural Science Foundation of China (Nos. 11474097, 11274116, 11104178, 44108280, and 51132004) and the National 
